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ABSTRACT OF THESIS 
 
C AND N CYCLING DYNAMICS AND MICROBIAL COMMUNITY COMPOSITION IN HIGH TUNNEL 
PRODUCTION SYSTEMS 
Across the United States, high tunnels are used as a means of season extension and control over 
climatic variability in fruit and vegetable production.  However, high tunnel systems are an 
intensive form of agricultural production which may compromise soil and crop quality over time.  
This study examined the effects of the varying environmental conditions, created in two types of 
tunnel system, movable and stationary, on the flow of nitrogen from amendment to plant and 
impact on crop and soil quality parameters.  The way nutrients cycled through these systems 
was different and the nutrient treatments had no consistent effects on soil nutrient parameters, 
although some microbial groups were affected by the nature of the nutrient amendment.  No 
exposure to rainfall resulted in an accumulation of leachable NO3 in the stationary tunnels.  
Spinach yields were superior to those in a previous study at the same site however, leaf NO3 
levels consistently exceeded EU maximum limits for fresh-sap leaf NO3.  We cannot conclude 
from our data if there was a compromise of crop or soil quality in the high tunnel production 
systems and further investigation is necessary as high tunnels gain in popularity and make a 
larger footprint on the agricultural landscape.    
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CHAPTER ONE: INTRODUCTION 
Across the United States, high tunnels are increasingly being used as an alternative to 
heated greenhouses as a means of season extension and partial control over climatic 
variability (Carey et al., 2009; Wells, 1996) for production of fruit and vegetables.  However, 
high tunnel systems are intensive and the overall sustainability of these systems remains 
largely uncharacterized and merits more study as high tunnels become more prevalent across 
the agricultural landscape. 
Agricultural intensification is one method used to increase the productivity of a given soil 
through increases in external inputs like fertilizer (“Investments in Sustainable Agricultural 
Intensification,” 2011).  In contrast, sustainable agroecosystems rely on management 
practices that build and maintain SOM and mineralizable nutrient levels therefore increasing 
the proportion of crop nutrient needs met by soil stores rather than exogenous inputs (Spargo 
et al., 2011).  However, in intensive production systems, like high tunnels, practices that build 
SOM stores such as fallow periods, cover cropping and minimal tillage, are often incorporated 
less frequently or discarded all together in the name of productivity (Knewtson et al., 2010b).  
The negative effects associated with intensified agricultural practices in high tunnels, i.e. soil 
degradation and water pollution may render this method of farming unsustainable over time.  
Incorporation of agroecological practices (Reeves, 1997) may help mitigate the negative 
effects of intensive production while still maintaining productivity.   
Agroecological practices such as using organic matter amendments, such as compost and 
cover cropping have been suggested in to mitigate the effects of intensive production on soils 
(Magdoff and Van Es, 2009).  However, managing soil organic matter in high tunnels offers 
some specific challenges due to extensive tillage intensity, elevated soil temperature, 
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decreased soil moisture, and the lack of soil freezing and fallows, all of which alter the rate of 
biological activity and can potentially increase the rate of organic matter turnover (Montri and 
Biernbaum, 2009).   
  Management practices affect the soil environment (Lundquist et al., 1999) and high 
tunnels are unique in that they have modified levels of environmental exposure, typically 
managed for an arid moisture regime, and are usually intensely tilled, making them different 
than a field environment.  Any practice that alters the soil environment may also create 
changes in the microbial community and is likely to alter soil processes like C and N cycling as 
microbial activity is central to the flows of these nutrients (Lundquist et al., 1999).  It follows 
that that management practices employed in high tunnels may alter the retention of C and N 
in the soil and affect N availability to plants.    
N is the most limiting nutrient to productivity for most horticultural crops (Brady and 
Weil, 2008) and it is often necessary to supplement soil stores of available N with inorganic N 
fertilizers.  Fertilizer studies in high tunnel environments are scarce, however, work in 
intensified production systems have revealed that use of inorganic N fertilizers lead to a 
buildup of N compounds that, when leached, can compromise surface water quality.  An 
added downside to N fertilization is the accumulation of soluble salts which, over time, has 
been shown to contribute to a reduction in crop yields and quality (Darwish et al., 2005; Gluck 
and Hanson, 2013; Millner et al., 2009).  Trade publications, such as Coleman (1999), have 
suggested physically moving high tunnel structures to allow soils beneath to be exposed to 
seasonal rainfall and leach accumulated stores of NO3 and soluble salts. 
We conducted a field research experiment on three different management systems - 
movable high tunnels, stationary high tunnels and an open field- to better understand the 
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impact of high tunnel growing systems on soil N and C dynamics and microbial community 
structure.  This study examined the effects of these management systems on the nitrogen  
dynamics in the soil environment, plant uptake, and the overall impact of the systems on 
metrics related to soil quality.  Our objective was to contribute to the basic understanding of 
how these systems affect nutrient cycling, plant productivity, and produce quality, key 
indicators of the sustainability of these systems.  
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CHAPTER TWO: LITERATURE REVIEW 
This literature review seeks to give an overview of the current state of high tunnel-grown, 
horticultural crops in the United States, examine opportunities and challenges in high tunnel 
production, and discuss some metrics by which to measure the sustainability of this 
agricultural production system.  Specifically, in this review we describe high tunnel production 
systems (“Horticultural Intensification through Season Extension”) then address some 
challenges to sustainable management of high tunnel systems (“Sustaining Soil Productivity”) 
and ultimately make the link between sustainable production practices and food quality 
(“Quantifying the Linkages between Soil Quality and Food Quality”).    
1.  Horticultural Intensification through Season Extension 
Horticultural systems by their nature are intensive and expensive.  These systems rely on 
extensive tillage, specialized equipment for irrigation and growing conditions, manual labor 
for maintenance and harvest, and recommended fertilizer application rates that can be some 
of the greatest of all cultivated crops (Jensen and Malter, 1995; Lee and Blank, 2004).  These 
systems are expensive because the cost of fertilizer inputs are at an all-time high and the large 
amount of  manual labor required drive operating costs far above agronomic systems (Trostle, 
2008).   
In an effort to mitigate potential losses, many farmers are using risk management tools 
such as crop diversification, direct marketing channels (farmers’ markets) and alternative 
marketing models (e.g. community supported agriculture) (Adam, 2006).  With the growth of 
direct marketing channels, there has also been concomitant development in season extension 
production methods both as a means to better serve expanding local markets for fresh 
produce year-round as well as a risk management tool (Biernbaum, 2006; Blomgren and 
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Frisch, 2007; Bomford and Silvernail, 2006; Carey et al., 2009; Wells, 1996).   The increased 
adoption of such “protected agriculture” systems to extend the season has had significant 
effect on the US produce market.  For example, the USDA reported in 2010 that the sale of 
food crops in season-extending techniques (e.g. frost blankets, high tunnels, and greenhouses) 
has increased 149% since 1998 (USDA-NASS, 2010).   
“Protected Agriculture” is a general term for season extension technologies, which allow 
for production outside the main seasonal window for a specific crop by protecting the crop 
from sub-optimal growing conditions and pests (Jensen and Malter, 1995).  Types of protected 
agriculture vary along a spectrum of sophistication and expense starting with mulches and 
row cover on the low end to semi- and permanent structures such as low and high tunnels and 
heated greenhouses.  Heated greenhouses are the most prevalent form of season extension 
around the world; an estimated 450,000 ha under greenhouse cultivation. However, these 
systems are input and management intensive and involve a large initial capital investment that 
is often out of reach for small producers (Gruda, 2005).      
Across the United States, high tunnels are being used as an alternative to heated 
greenhouses for small and large growers alike as a means of season extension and partial 
control over climatic variability (Carey et al., 2009; Wells, 1996).  Structurally, high tunnels are 
unheated greenhouses, usually with a steel frame skinned by 1-2 layers of polyethylene film 
where crop plants are grown in-field (Biernbaum, 2006).  The length and height of the tunnel 
structure can vary but are at least tall enough at the center for an adult to stand under, thus 
the name, high tunnel (Blomgren and Frisch, 2007).  High tunnels were first developed at the 
University of Kentucky over 50 years ago and the technology has since spread world-wide; a 
particularly popular growing method in China and South East Asia (Lamont, 2009; Rowell et 
al., 2004).  Nonetheless, high tunnels remained rare in the United States until about the late 
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1980’s when domestic growers began adopting high tunnels because of their diverse benefits 
(Blomgren and Frisch, 2007; Rowell et al., 2004).    
High tunnels afford producers partial environmental control and some protection from 
damaging weather conditions (e.g. frost, temperature changes, wind or excess moisture that 
can delay planting and cultivation) by way of passive heating/ventilation and shelter from 
precipitation (Blomgren and Frisch, 2007).  Due to the passive solar energy capture enabled by 
the plastic covering, soil temperatures in high tunnels will warm earlier than surrounding field 
soil in the spring and stay warmer longer throughout the fall growing season.  Specifically, in 
Kentucky, the frost free period has been shown to be extended by a total of six weeks 
(Bomford et al., 2007).  The warmer temperatures allow an extension of the growing 
environment on warm season crops approximately one month in the spring, and year-round 
production of cool season crops (Blomgren and Frisch, 2007).  Season extension may allow 
growers early entry into local markets with high value horticultural crops (such as salad mix, 
baby spinach, fresh-market tomatoes, cucumbers, red peppers, basil, cut flowers and 
strawberries) and attain greater profit margins (Blomgren and Frisch, 2007).   
Some of the merits of high tunnel horticultural production include a reduction of risk for 
the grower in the form of control over growing conditions and pest pressure as well as 
potential income gains from cold season production.  Additionally, the improved temperature 
control, the controlled growing environment can also allow regulation of soil moisture and 
reduce soil splash onto leaves, mitigating disease pressure.  As a result, crop quality, yield, and 
ease of pathogen management can be improved (Carey et al., 2009).  For these reasons, high 
tunnels have been of particular utility in organic vegetable production systems where such 
cultural controls designed to limit the outbreak of disease are of particular importance.  
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Development of techniques to increase the efficacy and acreage of organically-produced foods 
has been of particular economic interest in the past decade.   
Consumer demand for organic products has seen rapid growth since the induction of 
organic certification (2002) and now accounts for 3% of total US food sales (“Organic Market 
Overview,” 2009).  Even with the economic downturn since 2009, certified organic agriculture 
is the fastest growing sector of the agricultural economy (Gold et al., 2002).  Organic fruits and 
vegetables sales totaled $9.5 billion in 2009 which was an increase of 5.1% over 2008 
(“Organic Market Overview” 2009).  In response, certified organic acreage for the production 
of fresh produce is also increasing as more producers are trying to capture organic price 
premiums (Gold et al., 2002).   
Although high tunnels may be one way to help mitigate management challenge for both 
organic and conventional growers, management of high tunnels is often much more intensive 
than field-based horticultural systems because tunnel systems are often cropped multiple 
times within a single growing season, or in continuous, year-round production.  This practice 
may be used as a way for a grower to recapture the cost of the tunnel infrastructure but may 
have negative effects upon soil quality and therefore, productivity, if practices that maintain 
soil quality are not implemented.      
2. Sustaining Soil Productivity 
The vernacular and indicators of sustainable soil management have changed rapidly in 
recent years, emphasizing holistic management of the soil resource by encapsulating multiple 
soil parameters.  One such term, “soil quality,”   refers to a suite of criteria indicative of the 
capacity of a soil to perform certain functions, often sustained agricultural productivity.  The 
emphasis on soil quality management in agroecosystems evolved throughout the 1990’s in 
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response to the shift towards sustainability and was recognized as a viable tool for making 
land management decisions (Karlen et al., 2003; Wander and Drinkwater, 2000).  An 
appropriate suite of metrics to be a measure of soil quality are still being developed in the 
literature, but generally include soil texture and structure parameters such as clay and organic 
matter content, water infiltration and percolation rates, cation exchange capacity (CEC), pH, 
electrical conductivity (EC) as a measure of soluble salts, aggregate stability, bulk density and 
rooting depth (Karlen et al., 2003; Watson et al., 2002).   
Implicit in the articulation of the aforementioned individual soil quality parameters 
(indicators) is the understanding that many of these properties interact with one another.   
For example, the interdependence of pH and nutrient availability, electrical conductivity and 
infiltration has been well-documented (Arshad and Martin, 2002; Karlen et al., 2003).   
Although some researchers have proposed procedures for evaluating soil quality functions by 
combining and integrating these metrics into indices that allow for weighting, the structure of 
these quantitative methods depends upon the user goals, technical skill sets, and socio-
economic concerns (Arshad and Martin, 2002).  In contrast to these aggregative approaches, 
individual metrics have also been suggested as holistic indicators of soil quality.   Soil organic 
matter (SOM) content has been suggested as a one such indicator (Marriott and Wander, 
2006; Wander, 2004).  SOM is perhaps the most important of all metrics for organic growers 
as it influences soil structure, water and nutrient holding capacity, biological activity, tilth, air 
and water infiltration, cation exchange capacity, disease suppression, and potential efficacy of 
amendments (Knewtson et al., 2012, 2010b; Millner et al., 2009; Montri and Biernbaum, 
2009).   
SOM is difficult to accumulate and measure in the short-term; however, techniques have 
been developed to approximate organic matter pools that are sensitive to management such 
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as total organic carbon (TOC) (Kong et al., 2005), particulate organic matter carbon (POM-C) 
(Wander et al., 2007) and permanganate oxidizable carbon (POXC) (Culman et al., 2012).  TOC 
is a measure of highly recalcitrant substances and changes therein may take years to become 
apparent (Geng et al., 2014).  In contrast POXC reflects smaller sized, heavier particulate 
organic C forms which respond to stabilized C inputs like compost, suggesting is measures a 
more processed stabilized pool of labile soil C (Culman et al., 2013; Culman et al., 2012).  POXC 
has been shown to be a reliable metric of soil quality because of this carbon fraction’s ability 
to serve as a nutrient holding exchange, contribute to soil structure and erosion resistance 
and is tightly correlated with N mineralization rates (Lucas and Weil, 2012) which is supported 
by the fact that POXC has been shown to be largely comprised of C derived from total 
microbial biomass, thus its link to N mineralization (Culman et al., 2013; Geng et al., 2014; 
Spargo et al., 2011).  However, it is a stretch to link measures like POXC to crop response 
because of mitigating environmental factors such as climate, topography and soil texture 
(Lucas and Weil, 2012).    
Typically, SOM content in cultivated soils can range from 10-40g/kg or 1-6% of topsoil and 
is comprised of three distinct fractions: living organisms, fresh residues, and well-decomposed 
residues (Magdoff and Van Es, 2009).  The living organisms are comprised of microorganisms 
(bacteria, fungi, protozoa, algae, viruses) plant roots and a large range of animals (insects, 
worms, moles, etc.) make up about 15% of total SOM (Magdoff and Van Es, 2009; Magdoff 
and Weil, 2004; Weil and Magdoff, 2004).  Fresh residues are made up of the recently 
deceased “living fraction” of SOM plus added crop residues and manure applications and act 
as the main food source for the living because it is the most easily decomposed.  Finally, the 
well-decomposed faction of SOM is made up of a complex amalgam of organic molecules, 
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generally referred to as humus, for which the exact chemical makeup is not well-characterized 
(Wander, 2004; Weil and Magdoff, 2004).   
SOM management and nutrient management are closely linked.  Nutrient management in 
agriculture can be broadly characterized according to two paradigms: 1) “feeding of the soil” 
by organic matter additions, which will mineralize and subsequently “feed the crop” or 2) 
directly “feeding the crop” plant with inorganic fertilizer (Magdoff and Van Es, 2009; Watson 
et al., 2002), both of which have merits and drawbacks.  Central to the “feed the soil to feed 
to crop” paradigm, advocated in sustainable and organic agriculture, is the use of organic 
matter additions, such as crop residues and compost, to build SOM and reliance of the SOM as 
a reserve nutrient pool (Brady and Weil, 2008; Magdoff and Van Es, 2009; Weil and Magdoff, 
2004).   
Organic matter can store plant essential ions such as potassium (K+), calcium (Ca2+), and 
magnesium (Mg2+), as well as chelate important micronutrients such as zinc, copper and 
manganese into plant available forms (Brady and Weil, 2008; Magdoff and Van Es, 2009).  
Freshly applied plant residues are nitrogen-rich, and animal-based composts are an abundant 
source of phosphorous and sulfur as well a food source for soil organisms who help form 
water stable aggregates (Brady and Weil, 2008).  However, the rate and amount of nutrient 
release from organic matter for plant uptake is not well-characterized and can lead to 
inadequate or untimely supply, asynchronous to plant needs (Cabrera and Kissel, 1988; 
Magdoff and Van Es, 2009; Moeskops et al., 2012; Nair and Ngouajio, 2010; Ros et al., 2009).  
In contrast, the amount and release rate of inorganic fertilizers is well documented across 
many soil types, so that fertilizer application can be timed to plant nutrient demands (Brady 
and Weil, 2008; Evanylo et al., 2008; Magdoff and Van Es, 2009).  
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Despite being a readily available nutrient source for plants, inorganic fertilizers are 
typically expensive, can acidify the soil environment over time and decrease nutrient 
availability (particularly inorganic sources of nitrogen), salt-stress seedlings, be easily lost 
through leaching and subsequently compromise surface and groundwater quality (Brady and 
Weil, 2008; Magdoff and Van Es, 2009).  Further, they are of restricted use in organic 
agriculture systems.  Regardless of the management philosophy or production system, SOM 
management and nutrient management are closely linked.  Overall, the consistent message 
gathered from the literature is that any nutrient regime should be accompanied by rigorous 
testing of soil and amendments to prevent over-fertilization and ensure adequate plant 
nutrition. 
3. Sustainable Management of Organic High Tunnels 
Although high tunnels offer unique market opportunities for producers, the intensively 
managed, semi-protected environment provides unique challenges to the sustainable 
management of these systems, particularly for organic growers.  In particular, maintaining soil 
quality and managing nutrient can be difficult in this input- and tillage-intensive environment, 
especially since the bulk of the literature is focused on soil quality and nutrient cycling of open 
field systems. 
For example, a grower might make repeated plantings throughout the year of only one 
high-value crop (e.g. tomatoes) without crop rotation, cover cropping, and short fallow 
periods in order to help compensate for the capital investment of the tunnel.  Tomatoes mine 
large amounts of primary nutrients, such as nitrogen, potassium and calcium from the soil and 
require heavy tillage before planting (Bessin et al., 2014; Drinkwater et al., 1995; Waterer, 
2003).  Such intense management practices can lead soil to develop hard pans, cloddy 
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structure, crusting, organic matter loss and buildup of mineral salts from high levels of 
fertilization, which all negatively impact plant growth and lead to an overall reduction in soil 
quality (Reeve and Drost, 2012).   
Further, given that high tunnels are relatively new production systems, the way that 
nutrients cycle through the soil remains largely uncharacterized.  There are strong reasons to 
believe the differences in climatic and edaphic factors in high tunnels may be quite different 
than the surrounding field environment, given the unique nature of the environmental 
controls in high tunnels.  Temperature, soil moisture, and amount of crop residues returned to 
the soil are three notable differences between a tunnel and field environment.   
Both ambient and soil temperature can greatly differ from that of field soil.  For example, 
at the high tunnel research program at Kentucky State University, the frost-free period was 
extended by six weeks; the average minimum ambient temperatures increased by 8-9 degrees 
and soil temperatures inside the tunnel were warmer and more stable than outside soil 
(Bomford et al., 2007).  Temperature has profound effects on soil biology: a ten-fold increase 
in microbial activity for every 10 degree increase, which in turn will impact soil nutrient 
cycling, possibly increasing the turnover rate of organic materials (Sylvia et al., 2005).  It is also 
important to note that soil temperature and moisture are closely linked and therefore can 
alter nutrient cycling conditions in high tunnels.     
The source of water in high tunnels is typically some form of irrigation because the soil 
underneath the structure is protected from precipitation (Knewtson et al., 2010a).  Many 
tunnels are managed as a semi-arid environment to reduce pest pressure and therefore, affect 
soil temperature (Bomford et al., 2009).  Moist soils are cooler than dry soils and in turn affect 
microbial activity.  Also, watering events are often timed with plant demand, and saturated 
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soils do not allow roots to respire. Therefore, large amounts of water are not applied in single 
events, which would allow a build-up of soluble salts to leach from the soil environment 
(Biernbaum, 2006; Bomford et al., 2009; Calbrix et al., 2007; Darwish et al., 2005).  Soil salinity 
reduces a plants’ ability to take-up water and eventually accumulates in leaves at toxic levels, 
reducing the photosynthetic capacity of the plant and ultimately reducing crop quality 
(Munns, 2002).  Salinity is a major concern for high tunnel growers (Knewtson et al., 2010a, 
2010b). 
Finally, tunnel space is limited and fallow ground often represents lost profits to growers, 
making turnover of bed space after harvest a management priority.  As a result, crop residues, 
especially tough stalks like tomato vines and brassica plants, are removed at the end of one 
planting.  In some respects, this is beneficial for crops, especially direct seeded root vegetables 
that need a well-groomed seed bed, as well as limiting the carry-over of pathogens from 
disease-prone plants such as tomatoes.  However, removal of crop residues reduces the 
amount of organic matter additions to the soil environment.  It follows that if the amount of 
organic matter being returned to the soil is less than the rate of SOM turnover, there will be a 
net loss of SOM for the system which, over time, can decrease soil quality.  Given this unique 
environment for growth, decomposition, and nutrient cycling, it follows that nutrient 
management in high tunnels can be especially problematic for organic growers. Organic 
systems rely on biologic sources of nutrient with nutrient availability being a function of 
decomposition and subsequent mineralization before nutrients are available to plants 
(Drinkwater and Snapp, 2007).  A primary concern for producers is the adequate supply and 
timely availability of nutrients to the crop plant (Reeve and Drost, 2012).   
Studies on the effect of nutrient management regimes on high tunnel soil quality are 
relatively scarce, as compared to nutrient management studies in other protected agriculture 
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systems such as greenhouses.  In the literature reviewed for this document, conventional 
studies focus primarily on soil salinity and leaching.  Gluch and Hanson (2013) found in a 
conventionally managed three-season high tunnel (May-October) using only dairy-based 
compost, a build-up of soluble salts above recommended levels in the first 2.5 centimeters of 
soil.  However, after removing the plastic cover from the tunnel for the winter to allow for 
precipitation to leach soluble salts, EC levels returned to normal levels.  Dellacecca and 
Miggiano (1998) found yields of tomatoes decreased overtime with increasing soil salinity 
where lettuce yields were more stable over time, but the relative level of soil salinity was high 
due to smaller crop nutrient demands (Dellacecca and Miggiano, 1998).  Roca et al. (1998) 
found that with a total nitrogen application of 359kg/ha over a season, 367kg/ha were 
leached from the soil system. This implies that stores of nitrogen from the previous system 
were also leached from the soil, which has severe implications for surface water quality from 
this type of system (Roca et al., 1998).   
Perhaps disproportionate to the acreage in organic high tunnel production, the majority of 
high tunnel nutrient management works reviewed for this document  were focused on organic 
(both organic production and “chemically” organic fertilizers) nutrient regimes (Biernbaum, 
2006; Knewtson and Carey, 2007; Knewtson et al., 2012, 2010a, 2010b; Millner et al., 2009; 
Montri and Biernbaum, 2009).  Organically managed operations are limited in their ability to 
use inorganic amendments and must have documented deficiencies in the specific inorganic 
compound before application of the amendment according to USDA National Organic Program 
standards (“Crop Fertilizers and Soil Amendments Products List,” 2014; Millner et al., 2009).  
By and large, the suite of nutrient treatments allowed by the regulatory agencies governing 
certified organic inputs are not well-characterized except for high nitrogen, commercially 
available products that have been studied in controlled, incubation chamber environments 
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(Hartz, 1996).  In sum, little is known about the mineralization rates and total quantity of 
mineral nutrients derived from organic amendments in high tunnel environments.  
Managing soil organic matter in high tunnels offers some specific challenges in the form of 
tillage intensity, elevated soil temperature, decreased soil moisture, and the lack of soil 
freezing, all of which alter the rate of biological activity and can potentially increase the rate of 
organic matter turnover (Montri and Biernbaum, 2009).  Organic matter amendments can 
come in many forms such as crop residues, compost, manure and other commercially 
available products.  For organic growers, compost is the most commonly used source for 
organic matter additions (Knewtson et al., 2010a; Millner et al., 2009).  Given the intensity of 
high tunnel production and year-round growing season, raw manures, cover crops, and other 
managed fallows are uncommon in these systems.  The application of composts and other 
organic amendments that decompose in a manner asynchronous with crop uptake can result 
in either over-fertilization causing a reduction in plant health and buildup of soluble salts 
(Reeve and Drost, 2012).  Some researchers have suggested using only plant-based composts, 
as opposed to animal-based composts which can have high levels of soluble salts to help 
mitigate this problem (Montri and Biernbaum, 2009).   
However, a common question amongst growers is, “How much organic matter addition is 
enough?” (Loveland and Webb, 2003).  The literature on this topic is inconclusive.  A few 
studies suggest that there might be a desirable SOM range covering a wide spectrum of soil 
textures (Kong et al., 2005; Loveland and Webb, 2003).  For example, 2% SOM in a sandy soil is 
good but difficult to achieve whereas for a clay or loamy soil, a 2% SOM content can signal 
SOM depletion and a 4% SOM content is ideal (Magdoff and Van Es, 2009).  Practices such a 
regular additions of organic materials, reduced tillage, and crop rotation can at least, maintain 
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current SOM levels (Culman et al., 2012; Knewtson et al., 2012; Lal, 2009; Magdoff and Van Es, 
2009; Wander and Drinkwater, 2000).    
Exclusion/inclusion of rainfall mitigates/enhances leaching and makes it necessary to 
monitor tunnel soil salinity (Knewtson et al., 2012).  There are several ways growers can 
manage tunnels to mitigate and avoid soil salinization (Darwish et al., 2005).  The plastic can 
be left off the tunnel every 3-4 years when it is changed for a prolonged period to allow water 
to run through the soil profile and leach mineral buildup.  However, an emerging technique is 
the use of movable tunnels, pioneered by Eliot Coleman (Coleman and Whitman, 2005) and 
discussed in trade journals such as Growing for Market, Growing Magazine and 
HortTechnology.  To our knowledge, at the time of this writing, there is no literature to date 
on the efficacy of these systems on salinity.  Moveable tunnels are simple in design.  Tunnel 
structures are placed on skids or wheels (Figure 1.1) to facilitate ease of movement by manual 
or mechanical means, depending upon tunnel size (Blomgren and Frisch, 2007).  Some smaller 
tunnels can be moved from site to site depending upon the whim of the grower but more 
commonly, larger tunnels, have a delineated “track” that they are moved over throughout the 
growing season (Figure 1.2).   
 
Figure 1.1 A high-tunnel system using a rail system to aid in crop rotation.  Photo credit: Ron 
Goldy, Michigan State University Extension 
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Figure 1.2 Movable high tunnels at the Organic Farming Unit at the University of Kentucky 
Horticultural Research Farm, Lexington, Kentucky, USA.  Photo Credit: Google Maps 
Typically, two more tunnel moves are accomplished throughout the season, leaving 
planted areas as open-field environments.  This then allows normal rain events to regulate the 
mineral buildup in the previously covered tunnel areas.  As water percolates through the soil, 
it leaches excess minerals in the solution, decreasing salinity.  In addition to leaching soluble 
salts, it is important to note that opening soils to rainfall in the formerly covered, cropped 
areas may have a profound effect on nutrient cycling dynamics.   
Given the increasing economic value and growing area devoted to organic production in 
protected agriculture systems, improving the understanding of the functioning of organic 
amendments in high tunnel systems can help to improve the sustainable management of both 
organic and conventional systems utilizing organic amendments. Further, there is a need to 
improve understanding of how to sustainably manage soils in increasingly intensified organic 
horticultural systems, which requires an improved understanding of the microbial community 
mediating the decomposition, nutrient mineralization, and soil organic matter dynamics.   
4. Soil Microbial Communities and SOM Dynamics 
Soil organism and biotic parameters (i.e. abundance or biomass, diversity, food web 
structure, or community stability) are useful indicators of soil quality (Doran and Zeiss, 2000).  
Whereas some soil quality indicators, such as soil organic matter, may take years or decades 
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to respond to changes in management (Christensen, 1987; Guggenburger et al., 1994), soil 
organisms respond sensitively to land management practices and climate and are positively 
correlated with beneficial soil and ecosystem functions including water storage, 
decomposition and nutrient cycling, detoxification of toxicants, and suppression of noxious 
and pathogenic organisms (Bowles et al., 2014).  In this way, soil organisms illustrate the chain 
of cause and effect that links land management decisions to productivity and health (Doran 
and Zeiss, 2000) which is substantiated by the literature.  For example, one study 
demonstrated that microbial abundance and functional diversity were greatly influenced by 
quantity and quality of crop residue and other organic amendments (Nair and Ngouajio, 
2012). Also, the highest microbial populations were found in soils amended with both 
compost and cover crops (Nair and Ngouajio, 2010).  Therefore, it follows that changes in soil 
organic matter content and composition induced by compost amendment will be 
accompanied by changes in abundance and function of soil microbial communities 
(Giacometti et al., 2013).  Measures that can estimate living microbial abundance, such as 
PLFA, are useful tools to indicate potential changes in SOM dynamics and may also be good 
estimators of nutrient cycling through soil systems, which is a key parameter of soil quality.    
The nutrient cycling capability of a soil is primarily determined by the structure and 
function of the microbial community therein (Štursová and Baldrian, 2010).  Some general and 
specific metrics of microbial function, such as  (insert general metric here with ref), and N 
mineralization potential (Gil-Sotres et al., 2005), respectively, are a means by which to gauge 
the potential productivity of a soil.  Increasing reliance on soil biota to supply plant nutrients 
in sustainable farming systems, generates environmental benefits and decreases reliance on 
fossil-fuel based fertilizers, therefore, adding to the overall sustainability of these systems 
(Jackson et al., 2012).   
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In contrast, recent studies have demonstrated that in input-intensive systems, high N 
fertilizer inputs and inorganic N pools are positively correlated with a decrease in soil 
microbial biomass, total N storage, a net increase in N mineralization rates and increased N 
losses (Lu et al., 2011).  These systems, characterized by high nutrient inputs and intensive 
tillage disrupt the soil food web.  However, moderate levels of N fertilizer can indirectly 
increase soil organic matter by increasing plant growth and the litter returned to the soil 
(Jackson et al., 2012).  To ensure a consistent N supply and reduce N losses, it is 
recommended that management practices aim to support N cycling and promote use of cover 
crops and/or incorporating more organic matter (Burger and Jackson, 2003).  Each 
agroecosystem is different, and therefore, the N cycling and retention dynamics will be unique 
to the situation.  The differences between agroecosystems and their cycling dynamics need to 
be assessed individually to improve the overall sustainability of each system.     
5. Quantifying the Linkages between Soil Quality and Food Quality 
It follows that healthy soils are more productive than degraded soils and therefore the 
quality of the food produced in a healthy soil will be greater.  Organic production systems 
employ management practices that try to maximize soil health and therefore produce quality; 
however, there is much debate over whether organically-grown produce is nutritionally 
superior to that of its conventionally-grown counterpart due in part to inconsistent results in 
nutrient comparisons. Further, only a small amount of reliable studies assess the health 
benefits of consuming organic versus conventional produce (Huber et al., 2012).  However, 
there seems to be a growing consensus that in low-input management systems where plants 
are exposed to environmental stressors such as predator or pathogen attack, there is a 
significant increase in secondary metabolite production (Lundegardh, 2003).  Despite ongoing 
debate about the health benefits of organically-grown foods, the ‘healthful’ benefits of such 
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produce is cited as the greatest motivational force behind consumer purchase and therefore 
merits further scientific inquiry (Huber et al., 2012).   
Another metric used to assess crop quality is leaf NO3 content.  N is the most limiting 
nutrient for most field crops and NO3, the preferential form of N utilized by most crop plants 
(Brady and Weil, 2008).  Leafy greens such as spinach often accumulate high levels of NO3 in 
the leaf and stem tissues due to luxury consumption, taking up more NO3 than is necessary to 
carry out plant functions (Maynard et al., 1976).  When ingested, NO3 has been shown to be 
converted in the human body to N-nitroso compounds that are linked to methemoglobinemia 
and gastric cancers (Gangolli et al., 1994).  As a consequence many countries have enacted 
legislation to regulate the NO3 content in fruits and vegetables.  Plant NO3 content depends on 
many environmental and management factors, most notable, rate and timing of N fertilization 
and light intensity (Maynard et al., 1976; Cantliffe, 1973).  These factors have been shown to 
be a critical determinant in NO3 levels in spinach (Schuphan et al., 1967).   
Many studies have demonstrated that organically grown vegetables have lower nitrate 
contents than conventionally grown crops (Ahrens et.al., 1983, Vogtmann et.al., 1983; Stopes 
et.al., 1988, 1989; Leclerc et.al., 1991) but the findings of these studies are hotly debated.  
Moreover, the literature seems to substantiate that it is not necessarily the type of fertilizer 
used but the amount and timing of application and overfertilization will cause a buildup of 
NO3 regardless (Maga et.al., 1976; Knorr and Vogtmann, 1983; Termine et.al., 1987).   
We observe from this literature review the need to further explore nutrient cycling 
dynamics and soil quality indicators within organic high tunnel production systems as they are 
closely linked to the overall sustainability of high tunnel systems.  This study proposed to 
examine the effects of various organic vegetable production systems on various aspects of soil 
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quality, plant productivity, and produce quality. Focusing on organic spinach as a model crop, 
we examined the cycling of nitrogen from the soil to the plant, and monitor the effects of 
these dynamics on indicators of produce quality (leaf nitrate) related to human health.  In 
addition to nitrogen cycling, a soil carbon fraction sensitive to management (POXC) was 
measured as an indicator of soil quality.  Soil microbial community abundance and 
composition was measured both as a gauge of the nutrient cycling capacity of the soil, as well 
as a means by which to evaluate potential changes that can occur in microbial populations as 
a result of specific nutrient amendment applications.  As such, the aims of this work is to 
evaluate model production horticulture systems, including high tunnels, using a suite of 
holistic and specific indicators to better understand the overall sustainability of the entire 
production system, from farm to consumer.
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CHAPTER THREE: C AND N CYCLING DYNAMICS AND MICROBIAL COMMUNITY COMPOSITION 
IN HIGH TUNNEL PRODUCTION SYSTEMS 
 
1. Introduction 
Across the United States, high tunnels are being used as an alternative to heated 
greenhouses for small and large growers alike, as a means of season extension and partial 
control over climatic variability (Carey et al., 2009; Wells, 1996).  Structurally, high tunnels are 
unheated greenhouses, usually with a steel frame skinned by 1-2 layers of polyethylene film 
where crop plants are grown in-field (Biernbaum, 2006).  The length and height of the tunnel 
structure can vary but are at least tall enough at the center for an adult to stand under, thus 
the name, high tunnel (Blomgren and Frisch, 2007).   
High tunnels were first developed at the University of Kentucky over 50 years ago and the 
technology has since spread world-wide; a particularly popular growing method in China and 
South East Asia (Lamont, 2009; Rowell et al., 2004).  Nonetheless, high tunnels remained rare 
in the United States until about the late 1980’s when domestic growers began adopting high 
tunnels because of their diverse benefits such as partial environmental control and crop 
protection (Blomgren and Frisch, 2007; Rowell et al., 2004).  These gains in productivity have 
been substantiated in the literature; plants under high tunnels have been shown to mature 1-
2 weeks earlier with substantially higher yields for a variety of horticultural crops (Waterer, 
2003).  Despite the production benefits of high tunnels, these systems are often characterized 
by greater tillage intensity, increased quantity of inputs, and more limited fallow periods than 
a field setting, which over time may prove to degrade agricultural soil productivity. For 
example, practices that build SOM stores such as fallow periods, cover cropping and minimal 
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tillage, are often incorporated less frequently or discarded all together in the name of 
productivity in high tunnel systems (Knewtson et al., 2010).   
However, sustainability and intensive production systems need not be mutually exclusive.  
Incorporation of agroecological practices may help mitigate the negative effects of intensive 
production while still maintaining productivity.  Agroecological practices such as using organic 
matter amendments, e.g. compost and cover cropping, have been suggested in to mitigate the 
effects of intensive production on soils, specifically soil organic matter depletion (Magdoff and 
Van Es, 2009).  However, managing soil organic matter in high tunnels offers some specific 
challenges due to extensive tillage intensity, elevated soil temperature, decreased soil 
moisture, and the lack of soil freezing and fallows, all of which alter the rate of biological 
activity and can potentially increase the rate of organic matter turnover (Montri and 
Biernbaum, 2009).  Fortunately, there is a suite of variables that can measure the various 
pools of organic matter and when sampled overtime, indicate turnover.  POXC is a useful test 
for identification of soils where improved soil organic matter management is likely to improve 
productivity (Lucas and Weil, 2012) and a more sensitive indicator to changes in management 
than either particulate organic matter carbon (POM-C), microbial biomass carbon (MBC) or 
soil organic carbon (SOC) (Culman et al., 2012). 
Soil organism and biotic parameters (i.e. abundance or biomass, diversity, food web 
structure, or community stability) are also useful indicators of soil quality (Doran and Zeiss, 
2000).  Whereas some soil quality indicators, such as soil organic matter, may take years or 
decades to respond to changes in management (Christensen, 1987; Guggenburger et al., 
1994), soil organisms respond sensitively to land management practices and climate and are 
positively correlated with beneficial soil and ecosystem functions including water storage, 
decomposition and nutrient cycling, detoxification of toxicants, and suppression of noxious 
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and pathogenic organisms (Bowles et al., 2014).  In this way, soil organisms illustrate the chain 
of cause and effect that links land management decisions to productivity and health (Doran 
and Zeiss, 2000) which is substantiated by the literature.  For example, one study 
demonstrated that microbial abundance and functional diversity were greatly influenced by 
quantity and quality of crop residue and other organic amendments (Nair and Ngouajio, 
2012). Also, the highest microbial populations were found in soils amended with both 
compost and cover crops (Nair and Ngouajio, 2010).  Therefore, it follows that changes in soil 
organic matter content and composition induced by compost amendment will be 
accompanied by changes in abundance and function of soil microbial communities 
(Giacometti et al., 2013).  Measures that can estimate living microbial abundance, such as 
PLFA, are useful tools to indicate potential changes in SOM dynamics and may also be good 
estimators of nutrient cycling through soil systems, which is a key parameter of soil quality.    
The nutrient cycling capability of a soil is primarily determined by the structure and 
function of the microbial community therein (Štursová and Baldrian, 2010).  Some general and 
specific metrics, e.g. N mineralization potential (Gil-Sotres et al., 2005), of microbial activity 
are a means by which to gauge the potential productivity of a soil.  Increasing reliance on soil 
biota to supply plant nutrients in sustainable farming systems, generates environmental 
benefits and decreases reliance on fossil-fuel based fertilizers, therefore, adding to the overall 
sustainability of these systems (Jackson et al., 2012).   
  Management practices affect the soil environment (Lundquist et al., 1999) and high 
tunnels are unique from field environments in that they have limited exposure to seasonal 
precipitation, are typically managed for an arid moisture regime (Biernbaum, 2006), and are 
usually intensely tilled.  Any practice that alters the soil environment may also create changes 
in the microbial community and is likely to alter soil processes like C and N cycling as microbial 
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activity is central to the flows of these nutrients (Lundquist et al., 1999).  It follows that that 
management practices employed in high tunnels may alter the retention of C and N in the soil 
and affect N availability to plants.   Rates of nutrient turnover have been shown to increase 
with organic matter inputs and N mineralization rates and mineral N levels were shown to be 
higher following increases in organic matter and/or incorporation of cover crops (Kramer et 
al., 2006; Wyland et al., 1996).   
Fertilizer studies in protected horticultural environments are scarce, however, work in 
intensified production systems have revealed that use of inorganic N fertilizers lead to a 
buildup of N compounds that, when leached, can compromise surface water quality (Sanchez, 
2009).  An added downside to N fertilization is the accumulation of soluble salts which, over 
time, was shown to contribute to a reduction in crop yields and quality (Darwish et al., 2005; 
Gluck and Hanson, 2013; Millner et al., 2009).  Leaf NO3 is often used as both a measure of N 
fertilizer sufficiency and crop quality as leaf NO3 content is regulated in some countries, i.e. 
the European Union, for its health risks to young children (Muramoto, 1999; Santamaria, 
2006; “Statement on possible public health risks for infants and young children from the 
presence of nitrates in leafy vegetables,” 2010).   Popular books on the topic, such as Coleman 
(1999), have suggested physically moving high tunnel structures to allow soils beneath to be 
exposed to seasonal rainfall and leach accumulated stores of NO3 and soluble salts. 
To better understand the impact of high tunnel growing systems and their management 
on soil N and C dynamics and microbial community structure, we conducted a field research 
experiment on three different management systems, movable high tunnels, stationary high 
tunnels, and an open field.  This study examined the effects of the varying environmental 
conditions created in the two types of tunnel systems on the flow of nitrogen from 
amendment to plant and impact on soil quality.  Our objective was to contribute to the basic 
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understanding of how management practices affect nutrient cycling in this semi-protected 
environment, in which there has been little study.   
We hypothesized that due to environmental and management factors, the microbial 
community structure and the way nutrients cycle through high tunnels would be different 
than a field setting, specifically that most of the plant available N would leach from the field 
due to exposure to precipitation and in contrast, accumulate in the high tunnels.   Also, yield 
and crop quality would be greater in the tunnels as opposed to the field because of the 
protected and controlled environment, however, an accumulation of nitrate and soluble salts, 
as a result of lack of leaching, may compromise both soil and crop quality.  As a short term 
measurement of soil quality, we further hypothesized that POXC will be a sensitive measure of 
C turnover in response to management over the term of the experiment.  In addition, our 
chosen suite of nutrient treatments would have different temporal life cycles and an effect on 
microbial community composition because of their availability gradient.   
2. Methods 
Research was conducted at the University of Kentucky Horticulture Research Farm in 
Lexington, Kentucky, USA (37° 58' 24" N, 84° 32' 5" W).  The soil is a Bluegrass Maury silt loam, 
fine, mixed, active, mesic typic paleudalfs (USDA classification).  The experiment was 
conducted in spring 2013 and repeated in fall 2013.  The study was as split-plot design, with 
three main treatments with three replicates: 1) stationary (standard) high tunnels, 2) movable 
high tunnels, and 3) open fields (adjacent to the tunnel treatments).   Each main treatment 
was comprised of 8 beds, planted with different varieties of horticultural crops.  One bed was 
selected in each replicate for this experiment.  Each bed was divided into five split-plots (3.23 
m2 plot-1), and randomly assigned a fertilizer treatment (Figure 2.1). 
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Figure 2.1 Experimental Diagram of Movable Tunnels   
 
Fertilizer split-plot treatments included: 1) a suite of inorganic and mineral-based organic 
fertilizer (IOG) comprised of rock phosphate (Calphos,0-50-0), potassium sulfate (0-16-0) and 
Chilean nitrate (16-0-0) ,  2) Compost (C) sourced locally and comprised of mixed vegetable 
waste and animal manures (0.6-1.1-0.6),  3) a pelletized poultry-based organic granular (POG) 
fertilizer (Harmony 5-4-3, Environmental Products, LLC, Roanoke, VA, 4) compost + POG 
(CPOG) and 5) a no supplemental nutrient treatment (NT).  
 All fertilizer treatments met the USDA National Organic Program standards for use in 
Certified Organic production.  The site has been USDA Certified Organic for 2 years.  Fertilizer 
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treatments were applied prior to tillage at rates recommended for commercial vegetable 
production by the University of Kentucky Extension Service (“2012-2013 Vegetable Production 
Guide for Commercial Growers,” 2012).  Fertilizer applications corresponded to rates of 112 kg 
N ha-1, 84 kg P ha-1, and 70 kg K ha-1 for all treatments except the compost.  Compost was 
applied at a rate of 22,686 kg ha-1 and nutrient analysis revealed NPK application rates of 
226.9 kg N ha-1, 124.77 kg P ha-1, and 122.39 kg K ha-1.  Assuming a five year mineralization 
period (Antil et al., 2011; Hadas and Portnoy, 1994) these rates are equivalent to 45.38 kg N 
ha-1, 24.95 kg P ha-1, and 24.48 kg K ha-1.     
The same week, after fertilizer application, tillage was performed by a BCS 853 walk-
behind tractor (BCS America, Portland, OR), with a chisel plow for primary tillage and rototiller 
for shallow secondary tillage to create a fine seed bed prior to seeding.  Spinach (Spinacia 
oleracea var. ‘Space’) was seeded immediately after tillage in six rows bed-1 with an Earthway® 
1001-B Precision Garden Seeder (Earthway Products Inc., Bristol, IN).  Appropriate planting 
dates were selected for each system based on soil temperatures corresponding to optimal 
seed germination as the soil temperatures may vary between systems within each cropping 
cycle due to management practice.   
Movable tunnels were designed so that excessive heat could be removed from crops in 
hot weather and brought to crops in cold weather.  Owing to these differences in the 
management of each tunnel system, the seeding dates for the spinach differed by seasonal 
cropping cycle.  Both the movable and stationary high tunnel treatments were seeded in early 
March for the spring planting followed by the field in early April.  The movable tunnels were 
moved in the spring after winter crops had completed their growth and spring crops (i.e. 
spinach) began to mature.  The field that was previously under the tunnel was exposed to 
precipitation and cover-cropped (approximately late June) so that rainfall may leach any 
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accumulated nutrients in the soil.  As is common practice in movable tunnel systems, during 
the heat of the late summer, cool season crops are planted in the open field, and as the 
weather cools, the tunnel is moved over the crop.  The movable tunnels and field were seeded 
first (mid-August) in the fall as both environments were uncovered and had lower soil 
temperatures, followed by the stationary tunnels in mid-September. 
After seeding, the plots were irrigated by overhead micro-sprinklers to keep the soil 
surface constantly moist until germination (approximately five days).  After germination, 
plants were irrigated using irrigation drip tape (Toro Aqua-Traxx, Toro Company, Bloomington, 
MN).  Soil moisture was monitored using solid state electrical resistance sensors (Watermark 
200SS sensors, Irrometer Company, Riverside, CA) with one sensor placed 15 cm deep in each 
bed.  Irrigation was initiated when soil moisture fell below -40 kPa, a soil moisture level 
corresponding to 75% of field capacity, a level determine by previous soil moisture release 
curve work on the site (Susmitha Nambuthiri, unpublished data).   Air temperature and 
relative humidity were monitored by temperature and relative humidity data loggers located 
in the center of each high tunnel suspended at a 2 m height.  Field temperatures were 
monitored from the Kentucky Mesonet weather station that is approximately 100 m from the 
field plots (Fayette County site, http://www.kymesonet.org/).   
Plant Sampling 
Spinach was harvested beginning 7 weeks after seeding when greens were deemed 
market quality for salad greens according to U.S. No.1 grading standars (“United States 
Standards for Grades of Spinach Leaves ( Fresh ),” 1997).  Plants were harvested weekly for an 
average of three harvests per system per season.  Plant biomass sampled at harvest were 
divided into spinach and weed biomass and total fresh weight recorded.  Samples were 
collected between 12:00-13:00 at each sampling event to minimize the effect of time on leaf 
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nitrate content.  At each harvest, two subsamples, approximately 22 g plot-1 were collected.  
One subsample was analyzed for fresh tissue NO3-N analysis with a LAQUA Twin Nitrate Meter 
(Horiba Instruments, Irvine, CA).  The mean of three, 1.5 g samples were reported for each 
split-plot at each harvest.    The second subsample was dried at 50˚ C for 24 h or until a 
constant mass was achieved for dry tissue NO3-N analysis.  Dry samples were homogenized by 
hand inside plastic bags, transferred to scintillation vials, and ground on a jar mill (U.S. 
Stoneware, East Palestine, OH) to a fine powder consistency.    Dry tissue leaf NO3 analysis was 
performed on a subsample (0.1 g) from each ground sample according to the method 
described by Crutchfield and Grove (2011).  NO3-N was measured by colorimetric analysis on a 
VERSAmax ELISA microplate reader (Molecular Devices, Sunnyvale, CA), after NO3
- samples 
had been reduced using a cadmium reduction device (ParaTechs Co., Lexington, KY) 
(Crutchfield and Grove 2011).   
Soil Sampling 
Baseline soil sampling was conducted prior to tillage and fertilizer application.  Soils 
were sampled at the 0-15 cm depth every two weeks thereafter, and monthly at the 15-30 cm 
depth.   Four soil cores were randomly taken from each plot, homogenized, and bulked for a 
single analysis per plot per depth.  Samples were extracted for soil mineral N according to the 
method of Rice et al. (1984), and analyzed by colorimetric analysis on a VERSAmax ELISA 
microplate reader (Molecular Devices, Sunnyvale, CA), after NO3
- samples had been reduced 
using a cadmium reduction device (ParaTechs Co., Lexington, KY) (Crutchfield and Grove 
2011). 
Soils from the first and last soil sampling dates were air dried and analyzed for 
permanganate oxidizable carbon (POXC) after the method of Culman et al. (2012).   
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TC, TN, and C/N analysis was performed on a CNS analyzer (Elementar vario MAX, 
Hanau, DE) at the University of Kentucky Regulatory Services Laboratory (Lexington, KY).   
Nitrate Leaching 
Resin bags were used to monitor NO3
- leaching from each plot according to the method 
of Jackson (2000).  Bags were constructed of 5 g of anion exchange resin (Amberlite ® IRA-
400).  One resin bag was placed in each split-plot at 40 cm at the midpoint of the width of the 
bed, and randomly placed along the length of the plot.   Resin bags were replaced monthly for 
the duration of each experiment.  Once extracted, resin bags were placed on ice in a cooler 
prior to transport to the lab, and immediately rinsed of free soil with DI water, and extracted 
in 2M KCl. Samples were analyzed for nitrate by colorimetric analysis on a VERSAmax 
microplate reader (Molecular Devices, Sunnyvale, CA), after NO3
- samples had been reduced 
using a cadmium reduction device (ParaTechs Co., Lexington, KY) (Crutchfield and Grove 
2011).  
PLFA 
Phospholipid fatty acid analysis (PLFA) was performed on soil that was freeze-dried and 
then stored at -80° C prior to analysis.  PLFA was conducted on soils from the 0-15 cm depth at 
the first and final sample dates to examine the differences that of nutrient amendments on 
the structure of the microbial community between systems over time, and to isolate sampling 
to depths that contained spinach rhizosphere inputs.  The PLFA extraction and analysis was 
conducted following the protocol developed by Buyer et al. (2012).  Briefly, fatty acid methyl 
esters were extracted from 1 g of freeze-dried soil sample by first adding a Bligh-Dyer extract 
containing an internal standard (19:0), sonicating the sample for 10 min and then shaking on a 
rotary shaker for 2 hrs.  Next, the samples were centrifuged and the supernatant decanted 
into a new test tube to which 1 ml of chloroform and water were added followed by vortexing 
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for 10 min then centrifugation.  The top (aqueous) phase was then aspirated and the tube 
placed in the speedvac for 30 min until dry.  The samples were then dissolved in 1 ml of 
chloroform and pipetted into a 50 mg silica gel SPE 96-well plate (Phenomenex, Torrance, CA).   
The columns were first eluted with 1 ml chloroform followed by 1 ml acetone and then finally 
the phospholipids eluted using a 5:5:1 mixture of methanol:chloroform:water.  The elution 
containing the phospholipids was placed in the Speedvac and centrifuged to dryness.   In 
preparation for analysis on the GC, the samples were first transestrified, separated using 
acetic acid and chloroform and the bottom phase removed and centrifuged to dryness.  Dried 
extract was then dissolved in 75 ml of hexane and pipetted into a low-volume insert in a GC 
vial.  Samples where chromatographed on an Agilent 7890A (Agilent Technologies, Santa 
Clara, CA) equipped with an autosampler, an Agilent 7693 Ultra 2 column and flame ionization 
detector. The carrier gas was ultra-high-purity hydrogen gas with a column split ratio of 30:1. 
The oven temperature was 190°C to 285 °C and then 310°C at rate of 10°C/min and 60 °C/min, 
respectively.  FAME identities and percentages were automatically calculated using MIDI 
methods (Sherlock Microbial Identification System version 6.2, MIDI Inc., Newark, DE).      
Data Analysis 
All nutrient data were checked for normality prior to analysis using the Shapiro-Wilk test 
statistic (n<2,000) and logarithmically transformed prior to analysis, if necessary.  Soil mineral 
N, NO-3 leaching, dry tissue leaf NO
-
3, and fresh sap leaf NO
-
3 data were analyzed as repeated 
measures using the MIXED procedure in SAS Version 9.3 (SAS Institute, Cary, NC).  Leaf NO-3 
for each season, spring and fall, was analyzed separately by system due to the staggered 
nature of harvests in each system as a result of their design.  Total spinach yield, POXC and 
PMN data were analyzed using the GLM procedure in SAS Version 9.3 (SAS Institute, Cary, NC). 
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PLFA peak areas were combined into biomarker groups according to the method 
described by Buyer et al. (2010).  Total microbial biomass is the sum of absolute concentration 
(nmole g-1) of all microbial PLFAs plus an additional category, for our purposes titled “none”, 
which includes PLFAs which do not fit into any one specific category but can still be considered 
part of microbial biomass.  Total PLFA biomass (nmol g-1) and grouped concentrations of PLFA 
biomarker(s) for gram positive bacteria (G+), gram negative bacteria (G-), protozoa (P), 
arbuscular mycorhizzal fungi (AMF), actinomycetes (Actino), and fungi (F) were analyzed as 
repeated measures using the MIXED procedure in SAS Version 9.3 (SAS Institute, Cary, NC).  
Normalized PLFA values (% of total microbial biomass) for each microbial class grouping were 
analyzed first, using a β distribution through the GLIMMIX procedure in SAS.  The normalized 
PLFA values were then transformed using the Hellinger transformation and used to perform 
analysis of microbial community composition with the non-metric multidimensional scaling 
(NMS) ordination technique (Kruskal, 1964) in PC-ORD (version 6, MjM Software Design, 
Gleneden Beach, OR).  We then used the multi-response permutation procedure (MRPP) to 
examine differences in PLFA community composition between nutrient treatments, seasons, 
sample dates and production systems.  The Sorenson (Bray-Curtis) distance measure was used 
in all NMS and MRPP analyses.      
3. Results 
Across soil parameters there were no significant nutrient treatment effects, however, 
there were significant nutrient treatment effects on select microbial groups.  System and 
seasonal cropping cycle effects were the main drivers for all our measured parameters, soil 
nutrient pools, plant productivity and microbial community composition.    
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Soil Parameters 
POXC 
POXC was greater in the movable tunnels (462.25 ± 119.40 mg POXC kg-1 soil) than the field 
and stationary high tunnel systems (438.95 ± 84.39 and 445.91 ± 87.43 mg POXC kg-1 soil, 
respectively). There was significantly (p<0.0001) (Appendix Table 3.1) more POXC at the 
beginning of each cropping cycle (514.15 ± 74.86  mg POXC kg-1 soil) than at the end of each 
cropping cycle (383.92 ± 72.48 mg POXC kg-1 soil).  Within each cropping cycle, POXC 
decreased significantly (p = 0.0012) from the beginning to the end, with more POXC at the 
beginning of the spring cycle (534.04 ± 51.87 mg POXC kg-1 soil) than the end (370.75 ± 77.06 
mg POXC kg-1 soil) with the same for the fall (494.27 ± 88.52 and 397.09 ± 65.82 mg POXC kg-1 
soil).  Final POXC levels were statistically similar at the end of both spring and fall cropping 
cycles (370.75 ± 77.06 and 397.09 ± 65.82 mg POXC kg-1 soil, respectively).  System*sample 
date interactions were significant (p=0.0221) although each system began with a significantly 
different level of POXC, by the end of the cropping cycle, they did not differ significantly by 
system.  The movable tunnels had the highest levels of POXC at the beginning of each 
seasonal cropping cycle (Figure 2.2).  
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Figure 2.2 POXC levels by production system (mg POXC kg-1 soil) for two sampling dates.  
Significant differences are indicated by lower case letters.      
There was no significant difference between the tunnels at the end of either the spring or fall 
seasons.   
 
Figure 2.3 POXC levels (mg POXC kg-1 soil) by production system for each seasonal cropping 
cycle.  Significant differences are indicated by lower case letters.   
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Season by production system interactions were significant (p-value) (Figure 2.3).  The 
movable tunnels, again, have the greatest levels of POXC in the fall and a significantly lower 
level of POXC in the spring.  The field and stationary tunnels do not have statistically different 
levels of POXC in the spring.   
Soil Total Mineral Nitrogen 
Soil total mineral N (NH4
++NO3
-) was significantly lower in the spring (57.52 ± 67.87 kg 
N ha-1) than the fall (144.31 ± 198.38 kg N ha-1) (p<0.0001).  Production system significantly 
affected soil mineral N content (p<0.0001), with highest levels in the stationary tunnels 
(201.27 ± 195.20 kg N ha-1), followed by the movable tunnels (39.54 ± 42.83 kg N ha-1) and 
field system (26.31 ± 22.33 kg N ha-1).  Soil total mineral N varied by week after planting 
(p<0.0001), with the lowest levels in week 1 (44.55 ± 75.02 kg N ha-1), peaking in week 3 
(127.72 ± 164.84 kg N ha-1) and falling to similar levels in weeks 5 and 7 (110.28 ± 145.81 and 
120.09 ± 186.52kg N ha-1, respectively).   Production system by season interactions were 
significant (p<0.0001), with the stationary tunnels having the highest soil N level during both 
seasons, 99.96 ± 81.50 kg N ha-1 in the spring and 343.14 ±218.78 kg N ha-1 in the fall.  Season 
by week interactions demonstrated significantly greater levels of total soil mineral N over the 
fall planting than the spring (p<0.0001) (Figure 2.4).   
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Figure 2.4 Seasonal total soil mineral N by week after planting. 
 
 
Figure 2.5 Total soil mineral N by production system and weeks after planting. 
Production system by sampling week interactions were significant (p<0.0001) (Figure 2.5) 
when averaged over seasons and treatments with the highest soil N levels in the stationary 
tunnels for each week.  Production system * season * sampling week interactions were 
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significant (p=0.0013) (Figure 2.6 and 2.7).  In both seasons, the stationary tunnels had the 
greatest soil N levels.  However, in the spring, the stationary tunnels peaked in week 3 versus 
the fall which peaked in week 3 and 7.  The movable tunnels peaked in week 3 of the spring 
planting and then a fell throughout the rest of the sampling period.  However, in the fall the 
greatest soil N levels were measured in the first sample date (week 1, 50 kg ha-1), with a 
steady decline in soil N content thereafter.  In the field, almost the opposite effect was 
observed where in week 1 of both the spring and fall, showed the lowest soil N levels 
throughout the sampling period with a modest increase thereafter.   
 
Figure 2.6 Spring total soil mineral N by weeks after planting and production system. 
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Figure 2.7 Fall total soil mineral N by weeks after planting and production system. 
Soil NO-3 Leaching 
Soil NO-3 content from the ion exchange resins (resin NO
-
3) differed significantly 
between the first and second month of deployment in the field (p<0.0001).   The first month 
resulted in greater resin NO-3 content at the 40 cm depth (3,455.75 ± 3,888.68 ppm NO
-
3-N 
gram-1 resin) compared the second month (821.85 ± 653.50 ppm NO-3-N gram
-1 resin), 
averaged across both seasons.   Within each seasonal cropping cycle, resin NO
-
3 decreased 
significantly from the first to second collection, with the first spring resins averaging the 
greatest resin NO-3-N values (4,125.00 ± 4,826.14 ppm NO
-
3-N gram
-1 resin), followed by the 
first fall resins (2,786.33 ± 2,525.69 ppm NO-3-N gram
-1 resin), with resin values declining to 
similar levels in the spring and fall (562.51 ± 487.21 and 1081.19 ± 699.20 ppm gram-1 resin, 
respectively.  Nitrate leaching in the stationary tunnels was highest in the spring (3,436.30 ± 
5,443.55  ppm NO-3-N) as compared to fall (2,218.30 ±  1898.93 ppm NO
-
3-N, p=0.0365) but we 
see the opposite effect in the movable tunnels where leaching in the spring was less than the 
fall (963.97 ± 699.86 and 2174.90 ± 2838.60 ppm NO-3-N).  The interactions between system, 
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season and month were significant (p=0.0024).  The stationary tunnels had the greatest resin 
N values in the first resin bag in the spring (5,918 ppm NO-3-N), followed by the first resin bag 
in the field in the spring (4,962 ppm NO-3-N) (Figure 2.8).  
 
Figure 2.8 NO3 leaching by system, season and month.  Resin bags were changed once each 
month in both the spring and fall plantings and represented by 1=first resin bag, 2=second 
resin bag. 
 Plant Production and Nitrogen Content 
Yields 
Spinach yields differed significantly by season (p<0.0001) (Appendix Table 3.2), and 
were highest in the spring planting (Table 2.1).  System significantly affected yields (p<0.0001) 
and were highest in the stationary tunnels.  Season by production system interactions were 
significant (p=<0.0001), with the greatest yields were in the spring in the stationary tunnels.                  
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Table 2.1 Spinach yields mean main effects and interactions.  Significant differences within 
main effects and interactions are indicated by lower case letter. 
Main Effects and Interactions Yields (kg 
ha-1) 
Season  
Spring 1,178,2945a 
Fall 48,570b 
System  
Field 23,968a 
Movable 772,409b 
Stationary 1,043,921c 
Season*System  
Spring*Field 10,413a 
Spring*Movable 1,483,708b 
Spring*Stationary 2,040,7623c 
Fall*Field 37,522d 
Fall*Movable 61,110e 
Fall*Stationary 47,078f 
  
Dry Tissue Leaf Nitrate 
The only significant effect (p<0.0001) in the spring was seen in the movable tunnels by harvest 
week where the highest leaf nitrate level was 612.96 ppm NO-3-N in week 12 (Table 2.2).  In 
the fall, dry tissue leaf N was significant in the movable tunnels by harvest week with the 
highest leaf nitrate levels in week 9, 954.75 ppm NO-3-N.  We also observed a significant 
interaction in the fall in the movable tunnels between harvest week and nutrient treatment 
with the compost treatment spinach having the highest levels of leaf nitrate in week 9, 
1182.21 ppm NO-3-N (Figure 2.9).  In the stationary tunnels, there was a significant effect of 
harvest week on dry-tissue leaf nitrate with the highest level achieved in week 7 of the fall 
cropping cycle, 1561.79 ppm NO-3-N, which was the highest reading overall for all dry-tissue 
leaf nitrate readings.   
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Table 2.2 Leaf NO3 mean main effects and interactions.  Significant differences within each 
column are indicated by lower case letter.   “WAP” represents measurements taken weeks 
after planting.  NA: analysis not done; NS: not significant 
Main Effects/Interactions Spring Fresh 
Sap Leaf 
ppm NO3-N 
Fall Fresh 
Sap Leaf 
ppm NO3-
N 
Spring Dry 
Tissue Leaf 
ppm NO3-N 
Fall Dry 
Tissue 
Leaf ppm 
NO3-N 
System*WAP     
Movable*5 NA 1035 a NA 285.08a 
Movable*7 522 a 3451.77 b 142.25a 721.14b 
Movable*9 499.16 b 1021.52 a 140.88a 954.75c 
Movable*11 838.46 c NA 506.39b NA 
Movable*12 783.47 c NA 612.96c NA 
Stationary*7 1036 d NS NS 1561.79a 
Stationary*9 428.65 e NS NS 674.30b 
Stationary*11 543.90 d NS NS NA 
Stationary*12 647.90 d NS NS NA 
Field*5 NS 855.57 c NS NS 
Field*7 NS 1803.48 d NS NS 
Field*9 NS 503.83 e NS NS 
  
 
Figure 2.9 Fall Dry-tissue leaf NO3-N (moisture adjusted) in the movable high tunnels by weeks 
after planting.  Nutrient treatments are abbreviations are as follows: C=compost, 
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CPOG=compost + pelletized poultry manure, IOG= inorganic treatments, NT=no additional 
nutrient treatments, POG=pelletized poultry manure. 
Fresh Sap Leaf NO-3-N 
Fresh sap leaf NO-3-N is often used as a rapid measure test of quality in the field where 
some countries have regulations establishing maximum NO-3-N contents for saleable produce.  
Table 2.3 summarizes the maximum NO3 levels for spinach in the EU.  Leaf NO3 data was 
analyzed separately for each production system within each season.  In the spring, significant 
effects were observed for the stationary and movable tunnels where, in the stationary tunnels 
there was a significant effect on fresh sap leaf nitrate by harvest week (p=0.0002) with the 
highest levels achieved in weeks 7, 11 and 12 (Table 2.2).  There was also a harvest week 
effect on fresh sap leaf nitrate in the movable tunnels with the highest levels achieved in 
weeks 11 and 12.  For the fall, significant interactions were observed in the movable and field 
production systems with significant harvest week effects.   For the movable tunnels, the 
highest fresh sap leaf nitrate was seen in week 7, 3,451.77 ppm NO-3-N.  In the field system, 
week 7 is also the highest for fresh sap leaf nitrate with 855.57 ppm NO-3-N.  There were no 
significant effects in the stationary tunnels in the fall. 
Table 2.3 Summary of the maximum NO3 levels for spinach in European Commission 
Regulation (EC) No. 194/97 
Product Harvest  Period Max. NO3 levels (ppm 
NO3-N) 
Spinach(Fresh) 1 November-31 
March 
700 
Spinach (Fresh) 1 April-31 October 600 
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In the spring, leaf NO3 levels across both dry- and fresh-sap leaf NO3 measures generally 
stayed below maximum regulatory levels, however, fall measures were more often than not, 
above regulatory maximum levels. 
It was also of interest to make a comparison between the fresh-sap and dry-tissue 
methods of leaf nitrate analysis (Figure 2.10).  The dry-tissue method of leaf nitrate analysis, 
when adjusted for moisture content, gave a far lesser measure of leaf nitrate than the fresh-sap 
method.    
 
Figure 2.10 Fresh-sap and moisture-adjusted dry-tissue leaf NO3-N data.  
Microbial Community Composition 
Only soil samples from the stationary tunnels and field were used in microbial 
community analysis to both limit the amount of samples and more clearly elucidate the 
differences between a high tunnel and field environment.  The movable tunnels function as a 
hybrid system, along a gradient between tunnel and field, where partitioning the differences 
between the movable tunnels and the other systems would be difficult, if at all possible.   
45 
 
Microbial community analysis revealed significant differences in microbial community 
structure by production system (A=0.04, p<0.001) and an interaction between production 
system and seasonal cropping cycle (Table 2.4) (Figure 2.11). 
Table 2.4 Pair-wise comparison of significant differences between microbial community 
compositions in each production system by seasonal cropping cycle. 
Main Effects/Interactions A (measure of 
homogeneity) 
p-value 
System*Season   
Field*Fall vs. Field*Spring 0.06 0.00013 
Field*Fall vs. Stationary*Fall 0.17 0 
Field*Fall vs. Stationary*Spring 0.09 0.00001 
Field*Spring vs. Stationsry*Fall 0.20 0 
Field*Spring vs.Stationary*Spring 0.01 0.10823 
Stationary*Fall vs. 
Stationary*Spring 
0.24 0 
 
There was no significant difference in microbial community composition between the field and 
stationary tunnels in the spring, however, all other interactions were significant.  The 
compositional ordinations (Figure 2.11) revealed that soil total mineral N was driving the 
production system and seasonal differences. First, the ordination on the left shows a distinction 
between microbial communities in the field and stationary production systems being driven by 
total soil mineral N, as evidenced by the relative size of the soil mineral N vector.  The distinction 
was made clearer by examining each production system by cropping season.  Although most 
interactions were significantly different, we saw that the microbial community composition in 
the Stationary*Fall was the most different and the difference being driven by the accumulation 
of soil mineral N in the stationary tunnels during the fall cropping cycle, as evidenced by the size 
of the soil mineral N vector (ordination on the right, below).      
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Figure 2.11 NMS ordination of microbial community composition as determined by PLFA.   
A closer look at each individual microbial class concentration revealed significant treatment 
effects (Appendix Table 3.3).   
Total Microbial Biomass (TMB) 
As was expected, there was a significant seasonal effect (p-value <0.0001) on total 
microbial biomass with greater concentrations in the spring (105.20 nmol g-1) than the fall 
(87.49 nmol g-1) System-wide effects (p-value<0.0001) also contributed to variations in total 
PLFA biomass with greater levels in the stationary tunnels (104.50 nmol g-1) than the field (88.19 
nmol g-1).  A significant interaction with season and system (p-value=0.0046) was observed with 
the highest biomass levels found in the stationary tunnels in the spring (116.80 nmol g-1), but 
there was no significant difference in the Spring*Field and Fall*Stationary interactions.  Finally, 
Treatment*System interactions (p-value=0.0461) showed that the highest biomass levels were 
found in the stationary tunnels treated with C (113.57 nmol g-1). 
G- 
As with TMB, G- bacteria also had significant seasonal effects with greater concentration 
(p<0.0001, 32.93 nmol g-1) and relative abundance (p=0.0008, 31.09%) in the spring.  The 
concentration (p<0.0001, 32.61 nmol g-1) and mole abundance (p=0.0376, 31.03%) of G- bacteria 
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were greater in the stationary high tunnels, consistent with the TMB findings.  On average, G- 
made up a larger proportion of the community at the beginning of a seasonal cropping cycle 
compared to the end 31.04% vs. 30.10%, respectively.  The interaction of treatment and system 
(p=0.0194) resulted in significantly greater concentration of G- bacteria in the stationary tunnel 
plots amended with C (36.08 nmol g-1) which was similar to the other C containing amendment, 
CPOG (33.94 nmol g-1), in the stationary tunnels.  Interestingly, G- bacteria in the stationary 
tunnel plots without any added amendments (NT) is greater than that of both the IOG and POG 
plots but this is not the case in the field environment where the un-amended plots resulted in 
the lowest concentration of G- bacteria.          
Arbuscular Mycorrhizal Fungi (AMF) 
AMF was the only microbial group where a strong nutrient treatment effect was 
observed in both concentration and relative abundance (p=0.0084 and p=0.0268 respectively).  
The C containing amendments have the largest concentration and relative abundance of AMF as 
with the previous microbial biomarkers and the relative abundance of AMF is not significantly 
different in any but the POG treatment, which was lower than the other treatments.  The 
concentration of AMF in the IOG amended plots are not significantly different across systems 
(Figure 2.12).         
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Figure 2.12 AMF concentration (nmol g-1) for each nutrient treatment by system.   
Consistent with the other microbial parameters assessed thus far, both the 
concentration (p<0.0001, 3.81 nmol g-1) and relative abundance (p<0.0001, 3.59%) of AMF are 
significantly greater in the spring.  The stationary tunnels had the highest AMF concentration 
(p=0.003, 3.50 nmol g-1).  As before, the beginning of the spring planting had the highest 
concentration and relative abundance of AMF (4.328 nmol g-1 and 3.74%, respectively) but the 
concentration was not significantly different across systems in the fall.   
4. Discussion  
Soil nutrient pools 
POXC has been identified as a soil organic matter pool that can be as or more sensitive 
to management than other soil carbon fractions and soil microbial biomass measures (Culman 
et al., 2012).  To date, we could find no studies of POXC conducted in intensified horticultural 
systems, as most studies have focused on POXC response to soil management in agronomic 
agroecosystems (e.g. Culman et al., 2013, 2012; Geng et al., 2014; Lucas and Weil, 2012).  
However, recent work has demonstrated that increases in POXC may be observed in response to 
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management factors present in the systems in this work, such as nutrient source (e.g. compost, 
Culman et al., 2013) and crop rotational diversity (as opposed to continuous cropping) including 
use of cover crops (Culman et al., 2013; Lucas & Weil, 2012, Spargo et al., 2011).  The effects of 
production system implicitly incorporate rotational diversity in this study, as the movable high 
tunnel systems have cover crops grown in the rotation twice per year, with the high tunnels 
moved over land that has been in cover crop for one full year prior to production.    
This study differs from previous work in that changes in POXC were observed within a 
single cropping season, in a matter of a few months, in highly tillage- and input-intensive 
horticultural systems.   On average, POXC levels decreased over time within the course of a 
season, a trend not seen elsewhere in the literature mostly due previous works focusing on 
changes in soil organic matter fractions as a function of multiple years of management (Culman 
et al., 2013; Lucas & Weil, 2012; Lundquist et al., 1999; Purakayastha et al., 2008).  Further, we 
observed POXC levels decreasing to similar levels at the end of each seasonal cropping cycle 
regardless of the level at the beginning of each seasonal cycle.   This result could be indicative 
that additions of readily decomposable inputs in the form cover crop, pelletized manure, or 
compost additions, though initially may increase POXC levels, are mineralized throughout the 
season and what is left is representative of a smaller particulate, stable organic C.  However, we 
did not observe significant effects of specific nutrient treatments , thus it is likely is that effects 
of nutrient source were minor compared to the larger differences between systems such as 
rotational and fallow practices, a legacy of semi-annual compost applications in all high tunnel 
systems, as well as climate effects due to season extension techniques.  It is of import to note 
that even though we did observe system-wide significant differences in the spring cropping 
cycle, these results may not necessarily be biologically relevant.   
Soil mineral N cycling and losses were also driven by climatic factors, manifest of each 
type of production system.  Movable tunnels were exposed to rainfall at the end of the spring 
50 
 
cycle and beginning of the fall cycle, lowering mineral N levels over the course of the both 
seasons.  Stationary mineral N levels were the highest of all production systems due to a lack of 
rainwater leaching.  The field exhibited the lowest mineral N levels because it was constantly 
exposed to precipitation.  These findings are similar to work in cereal crops that found elevated 
soil mineral N levels in high tunnels as compared to open field environments (Qiu et al., 2010), 
likely due to lack of rainfall in the tunnel environments.    
No treatment effects were observed in any parameters except for the microbial 
community analysis.  This may be partly attributable to sampling frequency, as mineral N was 
only sampled on a biweekly basis and may have failed to capture significant N fluxes, especially 
in the first 3 weeks of each seasonal cropping cycle.   
Mineral N levels were less in the spring compared to the fall.  We hypothesize this is 
attributable to a multitude of factors.  First there were greater amounts of leaching in the spring 
because of wetter soil conditions.  Also, rates of mineralization would have been slower as soil 
moisture content was greater than in the fall and soil temperature, lower.  Mineralization of 
residual stores of organic N from spring nutrient application, additional N inputs, in the form of 
compost and other nutrient treatments, minimal uptake from plant growth and little leaching in 
the tunnels in the fall all contributed to mineral N levels being greater during the fall cropping 
cycle.  The field growing environment continued to be wet throughout the first 5 weeks in the 
spring, leading to low mineral N retention, substantiated by high leaching rates as measured by 
resin N placed at the 40 cm depth.     
Similar to another leaching study in horticultural systems utilizing resin bags to estimate 
nitrate leaching (Jackson, 2000), in both seasons leaching occurred in the first month when plant 
nutrient requirements were very low and fertilizer concentrations were high as they had just 
been applied.  Further, greatest leaching occurred in the spring, consistent with the findings of 
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Kramer et al. (2006) in an organically managed perennial orchard system, which may be 
attributed to a buildup of nitrate during the winter in addition to fertilizer applications.  Another 
consideration is the variation in moisture regime across systems in each seasonal cropping cycle 
(Fig. 15).  The soils, across systems, in the spring are able to retain more moisture because of the 
cooler weather which may be responsible for the increased amount of leaching during that 
cropping cycle as opposed to the fall where the soils experienced a hot and dry summer, making 
moisture retention throughout the fall cropping cycle more difficult and leaching less.        
Plant productivity and quality 
Previous studies conducted at the UK Horticulture Research Farm growing spinach in 
high tunnels over winter produced spring yields totaling 56,000 kg spinach ha-1 over three 
harvests (Rowell et al., 2004).  The yields in this study were considerably greater (Table 1), even 
in the field plots where we experienced poor seed germination.  We believe that the overall 
better irrigation management and less soil surface disturbance from rainfall in the tunnels lead 
to superior yields as opposed to that of the field plots in the spring.  High germination rates 
followed by adequate nutrient supply and controlled watering were all contributing factors.  
Yields were substantially lower in the fall as opposed to the spring mostly due to poor 
germination and high temperatures.   
Leaf NO3 was one of the few parameters that saw treatment effects that varied by 
season and system which may be an indication of the differing levels of soil quality of each 
production system.  Both photoperiod and light intensity have been shown to affect leaf NO3 
content.  We would expect progressively longer days with increasing light intensity over time, 
like that we experience in KY in the spring, would lead to a decrease in NO3 accumulation over 
time and the opposite would be true for the fall ((Kramer et al., 2006; Muramoto et al., 2011; 
Santamaria, 2006).  However, there is a secondary mechanism by which a plant may accumulate 
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NO3 which is purely dependent on the plants age, for as a plant grows, its nutrient demand 
increases.  To what degree each mechanism of accumulation plays a key role in determining the 
amount of NO3 a plant may accumulate is unknown.  Along these parameters, in the spring in 
the movable tunnels, we see and upward trend in leaf NO3 accumulation for both measures of 
leaf NO3.  The photoperiod and light intensity theory would dictate opposite results so in this 
case, plant age may be determining leaf NO3 accumulation.  It is important to note in the field 
studies found in the literature, spinach plants were destructively harvested rather than 
repetitive cuttings taken from the same plants, as in our experiment, which may also account for 
this difference.  The mechanisms by which this difference might manifest is unknown and 
further study is required. 
Leaf NO3 generally stayed under maximum regulatory levels in the spring but mostly 
exceeded the maximum in the fall for both measures of leaf NO3.  This may have been a result of 
the NO3 accumulation in the soil, especially in the stationary tunnels.  Even though spinach leaf 
NO3 content exceeded maximum EU regulatory levels, the literature makes it clear that these 
levels are not a health risk to adults, and claims that assert a link between gastric cancer and 
high dietary nitrate consumption have gone, as of yet, unfounded (Lidder and Webb, 2013; 
“Statement on possible public health risks for infants and young children from the presence of 
nitrates in leafy vegetables,” 2010).  Indeed, increased levels of nitrates in the adult diet have 
been shown to benefit cardiovascular health (Lidder and Webb, 2013).  In contrast, these 
concentrations of NO3 in spinach have the potential to increase the overall dietary NO3 
exposure, in addition to other dietary sources, to concerning levels for some young children and 
infants.  Particularly, children with gastrointestinal infections are even more sensitive and it is 
not recommended to feed these children spinach containing NO3 above the regulated levels 
(“Statement on possible public health risks for infants and young children from the presence of 
nitrates in leafy vegetables,” 2010).   
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Dry-tissue leaf nitrate is determined colorimetrically and generally considered to be 
both more accurate and precise.  As an in-field, fresh weight measure of NO3, a Cardy meter 
may be an adequate tool to determine N fertilizer sufficiency as it is convenient and quick where 
dry-tissue leaf nitrate is not.  However, it is not accurate enough a technique as opposed to a 
laboratory dry-weight measure and therefore should not be used to make food quality 
management decisions.  The moisture-adjusted dry-tissue leaf nitrate data fell safely within the 
maximum limits for EU quality standards in the spring where the fresh-sap NO3 did not.        
Nutrient treatments were chosen to reflect a gradient of recalcitrance, from readily 
mineralizable (Inorganic treatment) to slowly decomposing (Compost treatment), and as such 
the rate at which the substrate would mineralize via decomposition and therefore be available 
to plants.  In contrast to our hypothesis, mineral N levels in the C treatment were the greatest 
among all treatments. This could be due in part to the compost’s greater total N content than 
the other nutrient treatments.  A similar study (Muramoto, 1999) using the same variety of 
spinach, compost amended, with a N application rate of 134.4 kg N ha-1 , had an average  fall 
spinach NO3 content of 318.18 ppm NO3-N fresh weight where our average for the field was 
986.91 ppm NO3-N fresh weight.  This difference may be accounted for by the difference in N 
application rate as well as stage of harvest, as the spinach in this study was harvested regularly 
and at a smaller size than bunch spinach.    
Microbial Community Structure 
One of the objectives of this study was to determine the effects of varied N sources on 
microbial community composition in both a field and high tunnel setting in that repeated use of 
inorganic N sources, coupled with intensive management practices would deplete organic 
matter stores and change microbial composition based on substrate availability.  We 
hypothesized that the different climatic conditions between the two systems, manifest of high 
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tunnel purpose and design, will have a profound effect on the mineralization of N nutrient 
treatments (along a gradient of recalcitrance), i.e. substrate availability, and therefore microbial 
community composition.   
Overall, our findings are inconsistent with the literature and not easily attributable to the 
movement of a specific nutrient pool which leads us to conclude that the stationary tunnels had 
a significantly greater abundance of available substrate that can support a larger microbial 
population than the field.  As a result, concentrations and relative abundance of microbial 
classes tended to move with gross increases or decreased in soil nutrient C and N pools.   
5. Conclusions 
It is evident from our results that the most consistent effects on soil nutrient pools, 
microbial communities, and plant productivity are driven by diverse climatic conditions, both as 
a function of season as well as season-extension technologies used in the high tunnel systems.  
The way nutrients cycle through all three systems is different.  The nutrient treatments had no 
consistent significant effects on soil nutrient parameters, although some microbial groups were 
affected by the nature of the nutrient amendments.   
Additions of readily decomposable C inputs, though initially may increase labile carbon 
fractions sensitive to management,  mineralized throughout the season and the remainder was 
representative of a smaller particulate, stable organic C.  Nutrient source was irrelevant 
compared to the larger differences between systems such as rotational and fallow practices, 
perhaps a legacy of semi-annual compost applications as well as climate effects due to season 
extension techniques.   
Soil N stores and losses are directly influenced by the amount of climatic exposure manifest 
of each production system.  No exposure to rainfall has resulted in an accumulation of leachable 
NO3 in the stationary tunnels which could both negatively impact surface water and soil quality 
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over time but this is yet, to be seen.  We propose that a longer term study may reveal the 
implications for stationary tunnel soil quality with a buildup of NO3.   
Spinach yields were superior to those in a previous study at the same site however, leaf 
NO3 levels consistently exceeded EU maximum limits for fresh-sap leaf NO3 and may be a result 
of the soil mineral N accumulation.  The contribution of photoperiod or plant senescence to 
accumulation of excess NO3 is of interest and merits further study.   
The abundance of substrate found in the stationary tunnels, as facilitated by a lack of 
leaching, may have been the single most important factor in determining the fluctuations of 
microbial community composition.  Indeed, G- populations (nitrifying bacteria belong to this 
microbial class) mirrored trends in substrate availability throughout each growing season.  We 
propose that a long term study examining the microbial composition of plots amended with the 
same nutrient for long periods of time might demonstrate starker contrasts in community 
composition.      
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CHAPTER FOUR: CONCLUSIONS 
Moving towards local and sustainable agricultural practices may be one way to address both 
community food security and minimizing the ecological effects of intensified production systems.  Use 
of high tunnels could enable communities to produce food year-round but this also means that 
strategies to mitigate the effects of intensified production on local soils will need to be adopted.  
We have seen that over the course of one production season that inorganic N can accumulate in 
the soil of tunnel systems and pose a threat to surface water quality.  Over time, a buildup of soluble 
salts may also begin to erode soil quality and decrease yields although these are results not seen in 
our experiment but elsewhere in the literature (Gluck and Hanson, 2013).  Using compost as an 
amendment may help lessen the effects of intensified production in high tunnels and definitely adds 
to the nutrient cycling capacity of the soil by fostering a larger microbial population.  However, we 
have seen that over the course of a season, incorporation of cover crops, fallow periods and exposing 
the soil to rainfall as in the movable tunnels, is the most effective in concurrently, adding organic 
matter and preventing buildup of inorganic N in tunnel systems 
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APPENDIX  
Table 3.1 ANOVA of labile soil nutrient pools.  The nominal independent variables “Time” and 
“Week” represent different periods in each experiment.  “Time” is used to denote 
measurements taken at the beginning and end of each seasonal cropping cycle, where “Week” 
represents measurements taken by weeks after planting.  NA: analysis not done; NS: not 
significant 
Main 
Effects/Interactions 
POXC Soil 
Inorganic 
N 
NO-3 
Leaching 
Time NA NA NA 
Season NS <0.0001 NS 
System NS <0.0001 NS 
Week NA <0.0001 NA 
Season*Month NA NA 0.0257 
Time*System 0.0221 NA NA 
Time*Season 0.0012 NA NA 
Season*Week NA <0.0001 NA 
Season*System 0.0015 <0.0001 0.0365 
Treatment*Week NA 0.0263 NA 
Week*System NA <0.0001 NA 
System*Season*Month NA NA 0.0024 
Season*Week*System NA 0.0013 NA 
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Table 3.2 ANOVA of yields and leaf NO3.  The nominal independent variable “Week” represents 
measurements taken in weeks after planting.  Capital letters denote the production system in 
which the main effect was significant; M=Movable, S=Stationary, F=Field.  NA: analysis not done; 
NS: not significant 
Main Effects/Interactions Yields Spring Cardy 
Meter Leaf 
NO3-N 
Fall Cardy 
Meter Leaf 
NO3-N 
Spring 
Colorimetric 
Leaf NO3-N 
Fall 
Colorimetric 
Leaf NO3-N 
Season <.0001 NA NA NA NA 
System <.0001 NA NA NA NA 
Treatment NS NS 0.0460 F NS NS 
Week NA 0.0003 M 0.0115 M <.0001 M <.0001 M 
  0.0002 S NS S NS S <.0001 S 
  NS F 0.0002 F NS F NS F 
Season*System <.0001 NA NA NA NA 
Week*Treatment NS NS NS NS 0.0456 M 
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Table 3.3 Results from ANOVA using a mixed-model testing the effects of season, treatment, 
system, sampling date and their interactions on the nmole g-1 concentration and % mole 
abundance of total microbial biomass and individual microbial groups. 
Effect Total PLFA Biomass G- %G- AMF %AMF 
 P-value P-value P-value P-value P-value 
Season <.0001 <.0001 0.0008 <.0001 <.0001 
Treatment NS NS NS 0.0084 0.0268 
System <.0001 <.0001 0.0376 0.0030 NS 
Sample Date NS NS 0.0023 NS NS 
Sample Date*Season NS NS 0.0248 0.0078 0.0006 
System*Season 0.0046 0.0017 NS <.0001 <.0001 
Treatment*System 0.0461 0.0194 NS 0.0458 NS 
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